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TECHNICAL NOTE NO. 733 

EXPERIMEXTAL STUDY OF TORSIONAL COLUMIN FAILURE 

By Alfred S. Miles 

SUMMARY 

Thirty-three 24ST aluminum-alloy 2- by 2- by O.lO-inch 
channels, with lengths ranging from 10 to 90 inches mere 
tested at Stanford Univursity in compression to obtain an 
experimental verification of the theoretical formulas for 
torsional failure deveioped by Euqone E. Lundquist of the 
N.A.C.A. The observed critical loads and twist-axis loca- 
tions were sufficiently close to the values obtained from 
the formulas to establish the substantial validity of the 
latter. The differences between observed and computed re-- 
sulta were small enough to be accounted for by small and 
mostly unavoidable differences betmean actual test condi- 
tions and those assumed in deriving the formulas. Some 
data mere obtained from the shorter spacfmens regarding 
the Growth of the buckles that resulted in local buckling 
failure. .- 

INTRODUCTION 

Two desirable features for any structural member are 
that it should be easily connected to other members and 
that all portions of its surface should be conveniently ac- 
cessible for Inspection and the application of protective 
coatings. Both objectives can be much more easily attained ---. by the use of open sections, such as channels, aligles, and 
I-beams, than with closed sections, such as tubes and 
boxes. Unfortunately for the engineer tvho wishes to use 
open sections, many of them when tested in compression, 
have shown a tendency to fail by twistfng under much lower 
loads than those indicated by the formulas covering the 
better understood types of column failure. This result has 
produced a well-qr6unded prejudice against the use of open . . -- 
column sections, in general, since no one can predict with 
confidence horn they will act under load. The situation 

' calls for an experimentally validated theory of torsional 
failure that would permit the designer to devise open sec- 
tions which would be better for his purposes than any 
closed ones, whenever that is possible. . . 
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Until quite recently little progress had been made in 
developing the theory of torsional failure. One of the 
best early attempts was that of Leduc reported in referenoe 
1. This research was followed by the more important work 
of H. Wagner and his associates (references 2 and 3) who 
have developed methods of computing the critical load with 
respect to torsional failure and have done some experi- 
mental work to validate their formulas. The Wagner formu- 
la is based on the assumption that, in torsional failure< 
the center of rotation of each cross section will be at the 
shear center of the section, Lundquist and Fligg (refer- 
ences 4 and 5) point out that the axis of rotation will 
take such a location as causes the critical load to be a 
minimum and that lVagnsr*s equation for the critical stross 
could be used.in this more general case if certain terms 
are redefined. Kappus (reference 6) has also tackled the 
problem of torsional instability and obtained the same re- 
sults as Lundquist and Fligg;. Kappus, however, qfves a 
much more extended mathematical treatment of the problem 
than given in any other publication. 

Up to the present time, nearly all of the work done 
on the problem of torsional failure in this country has 
been of a theoretical character. Shortly after the publi- 
cation of reference 1, Mr. James G. Sutherland and Mr. 
Warren 0. Clark tested as flat-end columns a few angle and 
Irhat" sections that they believed would fail torsionally. 
The hat sections tested by Clark showed little if any tend- 
ency to fail in that manner, The angle sections tested by 
Sutherland did fail torsionally and he obtafned some in- 
teresting data showing the character of the deformations 
of the specfmens under load. He was, however, unable to 
check Leduc's formulas or that of Pugsley in reference 7. 
The.results of the work of Sutherland and Clark were em- 
b0die.d in theses submitted to Stanford University in par- 
tial fulfillment of the requirements 9o.r the degree of 
Engineer. They have received no further publication on 
account of the inability of the authors to'check existing 
theory and defects in their methods of test., which fntro- 
duced some uncertainty regarding the proper interpretation 
of the results. Some experinenta.1 work on torsional fail- 
ure has also been done at the University of Michigan by 
A. Zahorski (reference 8), who tested semic+rcular columns 
with.flat ends, 

In the summer of 1937, the N.A.C.A. asked the writer 
to undertake an experfmental check of the Wagner equation 
for torsional instabflity as generalized by Lundquist and 
his associates. The present report covers this experimen- 
tal work. 
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and constructing special test jigs and in preparing the 
report; to the Larsson Machine Tool Co. of Berkeley, Calif., 
for suggestions regarding t.he detailed design of the end 
fittings and the careful and accurate construction of those 
fittings; to Professor M. S. Hugo of Stanford University 
for help in the detailed design of the end fittings and 
checking the accuracy of their construction: to Professor 
A. B. Domonoske for help in the detailed design of the end 
fittings: to Dr. L; B. Tuckerman of the National Bureau of 
Standards for advice regarding the design of the knife 
edges: to Mr. R. L. Templin of the Alumin~~m Company of 
America for suggesti'ons regarding the preparation of the 
test specimens; to Mr. p. G. Warm for design and construe-- 
tion of various parts of the testing and measuring.appa- 
ratus; and to Messrs. R. 0. Brittan, J. S. Dunning, M. 
Miner, TV. G. Vincenti, and R. J. Wellman for intelligent 
and conscientious labor in helping to carry out the tests 
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APPARATUS AND TEST PROCEDURE 

Specimens 

Since the major objective of the investigation was 
to check theoretical formulas for critical load and lo- 
cation of axis of twist for centrally loaded columns, the 
primary tests were directed toward the determination of 
those quantities. 'Secondary tests we're carried out to 
check the quality of the material and to determine the 
torsion constant of the section,used. 

Thirty-three column tests were made on il different 
lengths of 24ST aluminum-alloy extruded channelsi three 
specimens boinq tested in each length. Each specimen was 
identified by a number consisting of, its length in inches 
followed by a hyphen and the numeral 1, 2, or 3. All 33 
specimens,vore cut. from six 20-foot channels, their lengths 
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varying from 10 to 90 inches. The nominal l'mi-d-line" di- 
mensions of the.cross section used were: width of back and 
width of flange, 2.00 inches each; thickness of back and 
flanges, O.lDO inch. The check of the cross-sectional di- 
mensions described in the appendix showed that, although 
the section was not absolutely uniform, the variation was 
small and the nominal dimensions formed the most satisfac- 
tory basis for computations of.-geometrf.cal section prop- 
erties. 

The quality of material was determined from test cou- 
pons cut from apparently uninjured portions of the column 
test specimens. Three. of.tbese coupons were.obtained from 
each of the six original lengths of material for use in 
tension tests. An .additional coupon wad used to determine 
the shearing modulus by a torsion test. 

Column-Test Apparatus 

The column tests were. carrded out in the. 2OQ,QOO-pound 
Riehle testing machine at Stanford University. The gener- 
al arrangement of-the apparatus used is shown in figure 1, 
which i,s a photograph of a go-inch specimen under load. 
Load was applied to the spaci,men A from the moving head 
of the testing machine through the upper end fitting B. 
From the specimen, the load passed through the lower end 
fitting C to the 20,000-pound capacity hydraulic capsule 
D, and its magnitude was indicated by the Bourdon tube 
gage E. The hydrau1i.c capsule and the Bourdon gage were 
mounted on a pair of- 8-inch steel channels clamped to the 
weighing table of the testing machine. The hydraulic cap- 
sule and Bourdon tube gage are standard articles supFlied 
by the A. H. Emery Co. They were used instead of the lever 
system of the testing machine for measuring load because of 
thefr greater precision. Rotation and translational move- 
ment of selected cross sections of the specimen were deter- 
mined from measurements of the distances from points on 
the antennas F attached-to the specimen, to reference 
points on the wood scaffolding G,G, clamped to the stand- 
ards of the testing machine. 

End fittisB.- ------ The end fittings used to obtain the de- 
sired boundary conditions were specially dosigned and con- 
struoted for the tests according to suggestions of Mr. E. 
E. Lundquist of-the N.A.C.A. The main requirements were 
that the resuLtant load should be applied through the con- 
troids of the end cross sections, and that the end cross 
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sections should be free to warp, only the midpoints of 
each of ths thr88 main elements being constrained to re- 
main in a plane. 

Fi.$ure 2 shows the two end.fitting assemblies, with 
the exception of the bearing blocks that were in direct 
contact with the ends of the specimen. The action of the 
fitting c&n b8 visualized best from the left-hand aesem- 
bly from which the locking pl.ates. have been removed. The 
three main subassemblies are the -base A, th8 gimbal ring 
B, and the saddle C. The loner base rests directly on 
the top of the capsule and is held in position by two small 
bolts, The. Upper base hangs from the movable head, being 
held in plaC8 by a 5/8-inch bolt through a hole in its CBn- 
ter. I'rom the base A, the load is transferred through 
knife edges into the gimbal ring B.' Entering the gfmbal 
ring at its sides, it passes out through its ends and into 
the saddle C through knife eges. The knife e&es of 
both the base and the gimbal-ring assemblies are reotangu- 
lar section bars of Bethlehem tool-steel of Bockwell hard- 
ness C-61, 0.265 inch on a side'and 2 inches long. The 
corresponding seats are.cylindrihal grooves ground in rec- 
tangular plates of the same material. Thsthfckness of 
these plates at the base of the grooves is approximately 
thr88-Sixteenth inch. The positions of knife edges and- 
seats are 80 located that all knife'edges are -&thin b-i0005 

.inch'of the plane of the end of the specimen, and the in? 
t8rSeCtion of-the knife-edge lines forms a right angle 
with its apex at the centroidal axis of the specimen. 

In 'order to faollitate handling ths end fittings and 
setting up the specimens for test, two locking plates D, 
are attaohed to the iimbal ring by screws an'& wash8rS. the 
WaSh8rS being used to Drovide clearance between the plates 
and the upright standards of'the base- and thus avoid fric- 
tion that would prevent unrestrained rotation about the 
knife edges tvhen the iocking scr8ws had been removed. The 
locking screws gass through these plates to holes in the 
vertical standards of the base, thus providing a positive 
method of connecting the gimbal ring to the base. Similar 
but smaller plates E are used to connect the saddle to. 

~ the gimbal ring. Thsse plates and locking screws are shown 
in position on the right-hand fitting of figure 2. The 
locking plates and screws did not prevent all play between 
the members but ,mere fully effective in preventing the Up- 
per fitting from falling apart when no specimen was in the 
test‘ing machine and greatly facili-tated placing a specimen 
in the proper positfon. During a test when the locking 
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screws were removed, the p+rts could.rotate freely about 
the knife edges. 

It being feared that a specimen might collapse when 
the locking screws were not in place, or through some other 
accident the upper fitting might fall apart and be damarled, 
screws F and G were inserted through.the large holes in 
the locking plates D and IZ of that fitting and into 
threaded holes tapped into the base and the ;imhal ring. 
A clearance of about three-sixteenth inch prevented these 
screws from carrying any,load unless there was failure of 
some part of the fitting. Portunately, they were n8ver 
called into play in this manner. 

Figure 3 shows a saddle removed from the gimbal ring. 
The load passes from the kn:fe-edgo seats at the ends to 
the "inner knife-edge assembly" at the cente-r. This aseem- 
bly carries tmo knife edges. The longor one passes under 
the midpoints of the flanges of the specimen and the short- 
er one under the midpoint of the back. The photograph also 
shows the inner knife-edge e,ssembly from the other end fit- 
ting by itself. The inner knife edges are similar to the 
ones supported by the base and the gimbal ring except that 
they are shorter and the croee section is only 0.177 inch 
instead of 0.265 inch on .s-side. The lengths of these 
knife edges were such as to provide a working length of 
about 1 inch for each of the ‘three elements of the cross 
section of the specimen. Like the other knife edges, their 
working edges are within 0.0005 inch of the plane of the 
end of the specimen. The end fittings were carefully con- 
structed so that the inner knife edge in the plane of sym- 
metry of the specimen was in line- mith the knife edges 
supporting the saddle. The -entire inner knife-edge assem- 
bly, however, could be moved through a range of--about one- 
eighth inch by loosening one screw and tightening another. 
This movement, 'vhich was parallel to the slane of symmetry, 
was provided on account of uncertainty regarding the exact 
location of the centroid of the spseimen and the consequent 
desirability of being able to adjust the posftion of the 
resultant load with respect to- the specimen. 

Prom the inner knife edges, the load was transmitted 
to the specimen through three of the.bearing blocks shown 
in figure 4; The upper group of blocks 1.n the photograph 
show how they nested together when:@laced on the fnner 
knife edges. The three other blocks show the shape of 
these units, which were fnterchangeable. Each block has a 
deep groove with sloping sides and flat bottom in the upper 

. 

c 



N.A.C.A. Technical Note Bo;- 733 7 

portion to receive the end of the back or one flange of a 
specimen. In the lower Fortion is a shallower groove with 
parallel sides and rounded top at right angles to the first. 
The flat bottom of the upper groove 1s just ?Sde eno-ugh to 
permit bearing of the end of the specimen'. In fact, it 
was necessary to break the edges of the spacimen with a 
file to get good bearing. The rounded top of the lower 
groove served as a seat for one of the %nner knife edges. 
The top of the lower and the bottom of the upper gro.eve 
mere i.n practically the same plan-e, the-ah small holes at 
the intersections indicate slight differences -in their el- 
evations. The sides of these blocks were beveled to per- 
mit at least f5' of rotation about the supportin-g knife 
edges without mutual interference, 

II- 
thus permitting the de- 

sired free warping of the end cross sections. -The -blocks 
were made of Nitralloy G with a scleroscope tirdness-of %?. ..- 

Other column-test apparatus.- The sntennss used for -_I_ 
measuring the rotat:on of the specimen under io&.Twefi- 
constructed from round steel rods. FiSure 5 shows-onle'a- 
tenna assembled on a short section of channel and ano%her-* 
disassembled. In order to attach an antenna, it was nec- 
essary to drill a 3/16-inch hole in the center of the back 
of the specimen, and this hole may have had a slight ef- 
fect on the test results. The area affected fs so small 
that any such effect is believed to be negligible. 

The movements of the antennas were determined by meas- 
uring the distances from reference points about one-half 
inch from the end of each arm to fixed reference points on 
the wooden scaffolding. The reference points on the an- 
tennas tvere marked by scratches on the rods, those-on 5% 
scaffolding, by ordinary carpet tacks with shallow drilled 
holes in their heads. The distances between the two %ere 
measured by ordinary vernier calipers wit3 special lozenqe- 
shaped attachments on their jaws. One of these calipeG- 
is shown assembled and the other disassembled in figure-c 

The over-all distance across the free edges of the 
flanges was measured by the special calipers shown in fig- 
ure 6, built up around a O.OOl-inch Ames dial. QETsr 
strument was called the I'M gage" and in this report the 
readings taken with it are termed, for brevfty;.fLe .*M 
readings.11 

The change in length of the specimen under load was - -- measured by Ames dials attached to the end fittings an8'--- 
registering the movement of those parts with r'espect to the 

- 

J 
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scaffolding. (These dials are later shown in place in fdg- 
ures 17 and 18.) 

Longitudinal strains were measured near the center of 
most of the specfmens by Huggonberger tensiometers. 

Column-Test Procedure 

After the individual specimens had been cut from the 
six original channels, the ends were squared on a milling 
machine and the edges of the end cross eections broken with 
a file so they would fit in the grooves of the bearing 
blocks. Equally spaced holes for the antennas were then 
driLled through the center lI,ne of the back. For speci- 
mens 30 inches or more in length, five antennas were used; 
for lengths from 16 to 24 inches, three antennas were used; 
and for the lo-inch specimens, a single antenna was pro- 
vided. The reduction in number of antennas for the short- 
er lengths was due to the crowding that would have resulted 
had five antennas been installed. 

The remaining steps in the preparation of a specimen 
for test included marking positions for the tensiometers 
and M readings and taking and recording a set of M readings 
under zero load. In general, the M readings were taken 
near the centers of the segments delimited by the antennas. 
The tsnsiometers were located near t;he middle atitonna. 

c 

After the specimen had been pl.aced in the testing ma- 
chine and sufficient load had been applied-to take up all 
play, the locking screws were removed from the end fittings 
and the end fittings were checked to make sure that the 
parts were in their proper relative positions. Usually Borne 
adjustment of the end fittings was found necessary, but this 
adjustment could be easily made as long as the axial load 
did not exceed 300 or.400 pounds. These adjustments were 
made by eye, because it was found that, if the load were 
too well centered, the rotations would be so small that the 
precision in locating the center of rotation would be un- 
desirably poor. 

Once the specimen was properly located in the testfng 
machine, ?;he antennas and the tensiometers were attached 
and, if necessary, pins wer-e inserted between the Ames dials 
for measuring change in specimen length ahd th-eir reference . 
Points on the scaffolding. The load was then increased, 
Usually by running the moving head.of the testing machine 

Y 
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at the rate of 0.1 inch per minute, until somewhat more 
than half of the expected critical load had been reached. 
The gimbal rings and the saddles of the end fittings were 
tapsed sharply at this point to help get the specimen fully 
seated in the end fittings. The load was then reduced to 
a convenient "basic load" for starting the tests;. At the 
same time, the end fit,tings mere rechecked to make sure 
that the various Darts mere in the proper relative posi- 
tions. 

'iVith the specimen subjected to the basic load, the 
first step wa6 to set to zero the dials for measuring change 
in length. The upper of these dials'was called'the J and 
the lower, the K dial; their readings were called the J 
and K readings. At the 6ame time, the tensiometars were 
set at 1.50, the highest convenient point on the scale. 
The stage was thus set .for taking the reading6 with the 
vernier calipers. 'Four readings, distinguished by the let- 
ters A, B, C, and D, were .ta!ten for each antenna. The po- 
sition of the caliper for each of these reading6 is shown 
diagrammatically in figur.e 7. 

In taking the vernier readings, the observer placed 
one end of a lozenge-shaped attachment in the hole drilled 
in the reference tack and held 9t there firmly while set- 
ting the movable jaw of the caliper for the reading. To 
make thfs setting, he swung the caliper in a small arc 
while moving the jaw with the Slow motion screw until the 
point of the other lozenge-6haped attachment barely 
scratched against the antenna arm at the proper reference 
mark. Difficulty in obtaining accurate reading6 by this 
method was anticipated and a small indicator was attached 
to one caliger,jaw fn place of the lozenge-shaped attach- 
ment. This method proved unsatisfactory, however, as the 
spring of the indicator, though apparently very flexible, 
was too stiff; and the observer would hear or feel the co% 
tact of the caliper wlfth the antenna several thousandths 
of an inch before the indicator would register contact-. 
At first, the observer6 found it difffcult to check their 
vernier measurement6 and some time w&S devoted to practice 
before the reported tests were commenced. Sfnce ths reli- 
ability of the verneer readings continued to increase with 
practice, the quality of the data obtained impr'ovod a6 th8 . 
test program was carried out. Even in the earli8St tests,- 
however, checks were applied to the readings a6 they mere 
being taken and doubtful reading6 were repeated until those 
checks were satisfied. 
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The first of these check6 consisted in taking all 
vernier readings under the basic load twice, repeating 
reading6 at any point qrrhere the two value.6 differed by 
more than 0.002 inch. .In later tests on the shorter mem- 
berg, the basic roadins's ware often repeated when the first 
two value6 differed by only 0.001 or 0.002 inch. This pre- 
caution was not a very time-consuming process because, in 
the later tests, the two readings at more than half the 
reading stations were identical. The second check, which 
was applied at loads other than the basic, was an applica- 
tion of the fact that by taking four readings on each an- 
tenna, two independent measures of it6 rotation were ob- 
tained, If, when the angle af rotation was small, the6e 
differed by more than about 0.007 radian* (about 2.5' of 
arc) the readi- mere repeated. When the rotation was 
large, the permissible error wa6 increased. 

In the first few te6t.s the practice was to take a set 
of readings for level I (i.e., 
antenna), 

the readings for the tog 
following with those for levels II, III, IV, and 

v in 6UCCe66iOn, an&then take the check readings in the 
same order. TVhen this procedure ma6 follomeb, the checks 
between the first and the second readings mere ofton not 
so good as was desired, and it was noted that usually the 
load indicated by the gage had changed from 10 to 50 
pounds during the period between the two sets of readings. 
Although part of-the errors may have been due to the in- 
experience of t-he observers, most of it wa6 considered to 
be due to an actual change of load and a corresponding ac- 
tual change in the deformation of th8 specimen. 

Various phenomena indicated that this change in load 
mas,due to temperature change6 and a resulting Unequal 
thermal expansion of the steel screws of the testing ma- 
chine and the alumi-num-alloy 6p8.Cimen. For example, when 
the temperature dropped, as, when the specimen had to be 
left in the testing machine over night, the load would 
drop; but, in th.e mornings or through the lunch period 
while the temperature was ri.sing, the load would increase. 
The only difficulty with this theory is that it would in- 
dicate that the resulting changes in load would b-e a6 
great for the shorter as for the longer specimens, but 
this result was not the cas8. This difficulty may well 
have been due to the testing of the shorter specimen6 in 
more equable weather when there was less change in temper- 
ature and to the fact that the tests'ware made in much 
6horter periods of time because the crew became more ex- 
perienced in the work and the number of vernier readings 

5 
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was decreased with the reduction in the number of antennas 
used. The difficulty was surmounted by taking both the--- 
original and the check readings at level I before taking 
any readings at level II and so on until all the readings 
for the basic load had been taken. This method gave less 
time for temperature effects to develop and consequently 
the number of additional readings requ5red was much re- 
duced. 

The vernier readings were followed by a group of M 
readings made with the special calipers designed for the 
purpose and check readings of the tensiometers-aria the J 
and the K dials. 1 .L .- 

After the basic readings were completed, the load was 
increased by lowering the moving head of the testing ma; 
chine at the rate of 0.05 inch per minute. At convenient 
intervals, the moving head would be stopped and a set of 
readings taken. At each stop, the normal procedure was'.%o 
tap the gimbal rings and saddles with a wooden mallet, -read 
the J and K dials and tensiometers, take the vernier read- 
5w.s) take the M readings, and then check the J and the K 
dials and the tensiometers. At first, this procedure took 
nearly half an hour but, by the time the last specimens 
with five antennas were tested, it took only about 10 or 
12 mfnutes. 

As the vernier readings at a given level were being 
taken, the observer tapped the indicating needle of the 
load gage with the maximum readfng -- needle and r&ad the 
load, which was recorded with the vernier readings. Some- 
times there was an appreciable change in load while a com- -_-. plete set of readings for the five levels gas being taken., 
but there would be little change in any one level. In the 
earlier tests, when the change in load amounted to more 
than 20 or 30 pounds, it was attempted to restore the orig- 
inal load by raising or lowering the moving he-ad. OCkic- 
count of the difficulty of restoring the original load ac- 
curately, readings for the d5fferent levels were obtained 
for somewhat different though not greatly divergent loads - 
without changing the position of the moving head. 

In the earlier stages of a test, when the rotations 
mere not asparent to the eye, the moving head would be 
stopped near predetermined values of load, the increments 
depending on the length of specimen. As the load and the 
rotation increased, the fncrements were determined by hold- 
ing a foot rule so that it would be touched by the B arm 
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of one of the antennas after the rotation had increased a 
predetermined amount. The amount of rotation allowed be- 
tween readings varied, being small at first and increasing 
as the load and the rotation increased. The object was to 
locate the points on the experimental curves so as to Sot 
the proper shapes of those curves as well as possible. 

Rith the longer specimens, a time came when a large 
increase of rotation would be produced with vary little in- 
crease in load and often with an'accompanying decrease. 
This situation was ace-epted as representing failure and 
the movement of the testing machine would be reversed until 
the column had been relieved of most of its load. At least 
one set of readings would then be taken at a load close to 
the basic load to determine roughly the amount of permanent 
set. In some.tests, two such sets of readings were taken, 
one under a load a little greater and the other under a 
load a little less than the basic load. The load was then 
entirely r-emoved, the specimen taken out of the teeting 
machine, and a final set of M readings taken. 

In the first test, the tensiometers mere shaken off 
the specimen when it failed and, in the following tests, 
they were ,romoved before their readings indicated the like- 
lihood of failure. Vith a fern of the longer specimens, 
the tensiometers were left on until after the maximum load 
had been determined and the final readings at a load close 
to the basic load had been taken. 

With the columns of 24-inch and shorter lengths, there 
was relatively little rotation and the procedure was var- 
ied as follows: Basic-load readings were taken at about 
1,000 pounds. At about 2,000 pounds, the moving hoad was 
stopped and only dials J and K and the tensiometers were 
read. At about 3,000 pounds a complete set of- readings was 
taken. The load was then increased to about 8,000 or 
10,000 Founds, stopping sometimes to take only the J and K 
and tensiomoter readings and sometimes to take a complete 
set. In the neighborhood of 8,000 or 10,000 pounds, the 
tensiometers would be removed, because they would-have 
served their purpose of showing that there was no exceseive 
eccentricity of loading and there was danger of their being 
injured if the specimen buckled. Also, by this time local 
buckles of the free edge,s of the flanges would begin to be 
visible and it mas consi,dored more important to have a mOrQ 
complete set of M readings than to gut more data from the 
tensiometers. From-this point 0n.th.e buckles would -0 B 
closely matched as:the moving -head- was lowered, and some- 

Y 
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times it would be stopped to take only the J, K, and M read- 
ings and sometimes to take the vernier readings also. Com- 
plete vernier readings mere omitted under the lower loads 
because the rotations were so small that the readings would 
be of little help in determining the axis of rotation and 
also b-e of little value for computing the critical load by 
the Lundquist extension of Southwell's method (reference--9). 
The complete readings under about 3,000 pounds were to pro- 
vide a kind of secondary set of basic readings. 

At some load, one of the buckles in the free edges of 
a flange would suddenly increase and the specimen aould 
start to collapse. A complete set of readings would be 
taken at this point, including an M reading at the widest- 
part of the buckle taken with an ordinary steel scale. The 
moving head would then be raised to reduce the Lo&Z on-the 
specimen. In some tests, a set of readings was taken when 
the resistance had been reduced to approximately the basic 
load but, in the later tests, these were omitted as being 
of no special value. The specimen was then taken out of 
the machine and a final set of-X readings was taken an?f re-- 
corded. 

The procedure just described was normally followed in 
the tests. Various deviations from this procedure mere -.- 
made in specific tests, usually to obtain some special in- 
formation. These deviations will be described in connec: 
tion with the discussions of the special data obtained 
from such tests. 

The first specimen tested was 22-2, and the data from 
this test are the least reliable of all. The moving head 
was then raised and the scaffolding modified to tako the 
go-inch specimens. After the go-inch group, the other 
groups were tested in order of decreasing length until the 
three lo-inch specimens had been tested. In each group, 
normal practice was to test the three specimens in numeri- 
cal order. After test 24-l was completed,‘the saddles we- 
removed from the testing machine to permit an adjustment 
to be made in the position of the inner knife edges. In 
practically all tests made up to that time, what 'bendrng - 
in the plane of symmetry had been noted &as-in nearly- 6% 
cry case away from the axis of twist.. The saddles were re- 
placed after moving the inner knife edges a small amount 
in the direction needed to reduce the eccentricity of load- 
ing. The tensiometer and the deflection readings in the 
folloming tests indicated that the desired result had been 
accomplished. 



To’rsion’ Tests . 

The method of mak,ing the torsion.tests is shown in 
figure 8. A steel heir A was screwed to the outer sur- 
face of the back at'each end of the specimen. Near the 
Outer and of one of these bars, 10 inc.hos from the plane 
of symmetry of the channel'; a.load was transmitted to the 
bar thrQugh a knife edge from'the hanger B. Vertical re- 
actions were applied at the lower ends of the screws Ci 

. which passed through the steel bars in the plane of synmo- 
try of the specimen. The necessary downward force required 
for equilibrium was supplied by a cord from the outer end 
of the other bar A tied to a weight resting on the floor. 
In order to minimize friction the supgorting screws C 
rested on steel blocks. The amount of twist was measured 
over a L5-inch length in the middle of the specimen by the 
movement of the Dointer D along the scale E. This 
scale was graduated in radians and was Placed so that its 
center would be collinear wit5 the ends of the supporting 
screws C. The small spirit level F was attached to tho 
loading arm so that the arm *could be brought to a horfzon- 
tal position before taking each reading. 

As the loading arms A overhung the ends of the spec- 
imen, it was possible to reverse the positions of the sup- 
porting screws C and make tests sfth the center of rota- 
tion at the Centroidal axis of the specimen. 

The torsion test of a flat specimen was made with the 
same apparatus, but in that case the load hanger B, was 
moved to-a point 2.00 inches from the center line of the 
specimen. 

TEST RESULTS -- 

The main ObjeCtiT%? of the column tests were to detor- 
mine the critical load8 and the positions of the.axos of 
twist. The critical loads were read directly from the dial 
of the hydraulic neighing system. They are listed in table 
1 and shown graphically in figure 9. The locations of the 
axes of-twist were determined from the vernier readings by 
the method outlined later; they are also listed in table 1 
and are plotted in figure 10. 

c 
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Method of Determining Location of Twist Axis 

Differences between successive vernier readings were 
actually measures of the changes in distance from the ref- 
eronce points on the scaffolding to the corresponding ref- 
erence Dofnts on the antennas. They were also assumed to 
be measures of the.movements of the reference Doinfson 
the antennas perpendicular to the positions assumed by the 
antennas' arms when the specimen was under the basic load. 
As long as the translational movements were small compared 
with the actual vernfer readings, and the rotations of the 
antennas mere also small, the error resulting from this 
assumption was negligible. Throughout most of the tests, 
both of these cond5tions existed. The only times Rhen the 
assumption introduced appreciable error was when, under 
the critical load, the longer specimen8 rotated through 
relatively large angles with ,practically no change in ax-- 
ial load. No correction was made in such cases because 
considerable extra computation would have been necessary, 
and it was sufficient to know that the rotation was large 
and changing rapidly with load without having precise quan- 
titative information on the point. 

Figure 11 shows the *'trunk8 of an antenna in it8 posi- 
tions under two successive loads. The distances A and B 
represent the changes in vernier readings which measured 
the movements of the antenna reference points a and II. 
Point 0 is a point midway between a and b, and e is 
the position of the cenfroid of the cross section of the 
specimen, 0.76 inch from 0. For-convenience, the distances 
A and B are shown greatly exaggerated in comparison with 
the distance between reference points a and b. Also both 
A and B are shown as positive, i.e., implying that both 
antenna reading8 increased, although in the.tests whenever 
one of the88 readings increased the other usually decreased. 
The angle of rotation, fj is evidently equal to 0.05 (A-B). 
The distance y+, the movement of a point d on the an- 
tenna trunk at a distance T from 0, is found by simple 
geometry to be 

Y-k = 0.50 (A + B) + 0.05 T (A - B) 

The movement of a point d near the specimen isneeded to 
locate the aXi Of twist conveniently. -fir the earlier 
tests, T was computed so that d was on the theoretical 
axis of twist. It was soon decided, however, that nothing 
was to be gained by this procedure and,. for the later tests, 
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the computation was made for the point for which T equaled 
4.00 inches. The movement of this point is then given by 
the relation 

F 

y-b = 0.50,(A i- B) c 0.20 (A - B) 

Similarly, the movement of e at the centroid of the 
cross section where T = 0.76 inch is given by 

yc = 0.50 (A c B) f 0.038 (A - B) 

The vernier readings to the C and D reference 
points on the Qross arms8 of the antennas were used to 
check the rotation Q and to determine the translational 
movement x of the cross section parallel to the axis of 
symmetry. The C readings were taken from points 7-3/8 ' 
inches, and th'e D reading8 from Fointe 7-l/8 inches from 
the plane of symmetry. The resulting formulas were thare- 
fore 

6 = (D - c)/14.5 
and 

x = 0.50 (C + D) f (D - Cl/116 

.- 

. 

l 

For the two measures of rotation to agroo it is nec- 
essary that D - C = 0.725 (A - B), and this relationship 
was used to check the accuracy of the vernier readings dur- 
ing the course of the tests. The amount by which this 
check was not Satisfied was termed A and was a rough 
measure of the reliability of the group of readings from 
which it was computed. 

The positions of the twist axes mere determined graph- 
ically from the computed values of y+ and yc. A base 
line mas first laid off to represent the dietanue between 
the points for mhich these values m8re determined. The 
distances y, mere laid off on a perpendicular at one end 
of this base line and the distances yc were laid off on 
a perpendicular at the other end, both to a convenient scale 
that exaggerated the rotation of the antenna. The lines 
connecting the corresponding plotted values of y+ and YC 
constituted a sheaf of vectors representing the position8 
ofthe antenna trunk.under the various loads. Por the 
longer specimens, most of these lines passed through-or 
very close to a point that could be accepted as reprosont- 
ing the position of the twist axis. A representative vec- 
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tor sheaf is illustrated by figure 12. For the shorter 
specimens, the results were not so reliable, owing to the 
small amount of rotation and the resulting greater influ- 
ence of small errors in making the vernier readings. Oon- 
sequently, it was generally more difficult and sometimes 
impossible to select a satisfactory point as the observed 
location of the axis of twist. The twist axis locations 
listed in table I are the distances in inches from the 
centroid as determined by applying th5s method to the mid- 
dle antenna vernfer readings. For each specimen, a column 
Indicates qualitatively the precision of the tabulated 
value. 

- _._. 

The twist-axis locations,-indicated by the vector 
sheaves for the other antennas differed little from the 
tabulated values. The existing differences tended to show 
that, as the ends of the specimen were approached, the dis- 
tance to the twist axis was slightly reduced. For the most 
part, the differences were less than the probable errors in 
determining the distance in question, and no quantitative 
conclusions can be developed from them. 

Action of Specimens Under Axial Load 
.- 

Types of failure me------* - TWO distinct types of failure were 
encountered In the compression tests. The longer columns 
failed torsionally and the shorter ones by local buckling 
of one flange. JVith the longer specimens, under low loads 
the rotations could be detected only from the changes in 
the vernier readings and the shortening of the specimen 
was almost directly proportional to the load applied. As 
the critical load was approached, it became possible to 
sea the antennas rotate as the moving head of the testing 
machino was lowered. At the same time, the increment of 
load resistance developed by a given increment of shorten- 
ing continuously decreased until it mas possible to obtain 
a large increase in both twist and shortening with no meas- 
urable increase in resistance developed. In some cages 
the contfnued lowering of the moving head resulted in a 
small decrease in the resistance developed, but this ac- 

. tion took place only when the mfdsection of the specimen 
had twisted through a fairly large angle, in most cases 
10' or more. Except that the movement of the cross section 
was primarily one of rotation rather than of translation, 
the action was very similar to that of the center of a long 
closed-section column as the Eulerload is approached. In 
figure 13 are three representative P - 8 curves showing 
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graphically the relation between tho axial load P in 
pounds and the rotation of the midsection 8. in degrees 
and radians. IVhen the rotation of the midsection became 
very large, 25' or so, the ends of the channel flanges be- 
gan to bear on the sides of the bearing-block groovas. 
The relative motion of th-e bearing blooks also became so 
large that mutual interference developed. Both of these 
factors caused such changes in the end conditions that no 
attempt was made to continue the tests until the specimens 
collapsed. .' 

Tho action of the longer specimens Under load is illus- 
trated in ffgure 1 and in figures 14 to 18. Figure 1 shows 
specimen 90-3 under maximum load. The amount of twist is 
clearly indicated by the ends of the antennas, which were 
on a straight line when the basic load was applied. Fig- 
ure 14 was taken at the same time as figure 1, but from 
the opposite side of the specimen. Figure 15 shows speci- 
men 70-l subJected to 2,940 pounds axial load before the 
tensiometers were removed. After the tensiometers had been 
taken off, the moving head was lowored, causing additional 
twist but no additional resistance; the photographs of 
figure 16 were then taken. Nearly all of the load was 
then removed and the specimen reverted to practically its 
original shape, as shown by figure 17. Figure 18 shows 
photographs of a 50-inch specimen un-der the maximum load. 
Figure 18(a) is a front view that shows the amount of 
twist. Figure 18(b) is a side view showing that the de- 
flection in the plane of symmetry acoompanying this twist 
was negligible. 

After the specimen had twisted a certain amount, the 
internal forces were expected to be so distributed that 
one flange would be subjected to excessive compression and 
would collapse by local buckling. No such action tuok 
place in any test in which much twisting occurred. In the 
test of specimen 30-3, the downward motion of the moving 
head was continued for some time after the maximum load 
had been reached. This motion caused a large amount of 
rotation and waves bogan to form fn the free edges of the 
flanges. One of these waves was comparable in depth with 
those associated with the local buckling failures of the 
shorter specimens. In the test in question, however, the 
drop off In load was negligible even though the moving 
head was lowered until the rotation of the middle cross 
section exceeded 20'. Host of the waves In the flanges 
disappeared as the moving head was raised in removing-the 
load. The largest wave, however, remained and can be seen 
in the longest of the specimens shown in figure 19, 
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The specimens less than 30 inches in length failed by 
local buckling of one flange. As the load was applied, 
some rotation was indicated by the vernier readings but 
its magnitude was normally less than that shown by the 
longer specimens below the knee of the P - 8 curve* As 
the load approached the critical, waves began to develop 
in the free edges of the flanges, usually becoming defi- 
nitely recognizable to the naked eye more than 1,000 pounds 
before the critical load was reached. For lengths between 
16 and 24 inches, the normal condition was that each flange 
developed at least two complete waves, whereas only one de- 
veloped in the lo-inch lengths. In general, these waves 
were symmetrical, both flanges buckling in or both flanges 
buckling out at any given distance from the end of the 
specimen. As the load increased, the amplitude of these 
waves increased at an accelerating rate until the critical 
load was reached. The approach of the critical load was 
also foreshadowed by a considerable increase in the ob- 
served rotations of the antennas, though they remained 
small in comparison with those exhibited by the columns 
for which the failure was primarily torsional. At the 
critical load, one flange failea suddenly as the result of 
a large increase in the siee of one of the buckles. In 
some tests the failure took place as the result of an in- 
crease in the amplitude of the wave, which appeared deep- 
est just before the critical load was reached. In many of 
the tests, however, the local buckle that produced failure 
came at an unexpected location. With several of the spec- 
imens, the inward buckles were much More pronounced up to 
the point of failure than were the outward buckles but all 
of them failed by buckling outward, as can be seen from 
figure 19. The flange in which failure took place was ev- 
idently determined by the direction of rotation of the 
cross section, since the buckle invariably appeared in the 
flange on the side toward which the rotation was directed. 
fPhZs result i.s illustrated by figure 20, which shows the 
buckling failure of a lo-inch specimen. 

Data recorded.- ---- ---- In addition to the maximum load car- 
ried and the observed location of the twist axis, in table 
I are listed the following additional data pertinent to 
the axial-load tests of both long and short specimens: made- 
imum deflection, parallel to the plane of symmetry, of the 
Middle cross section under loads not exceeding 90 percent 
of the maximum; direction of rotation; maximum change in M 
readings under increasing load prior to buckling: and type 
of failure. Then the near end of an antenna appeared to 
Move to the right of an observer, the rotation was consid- 
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ered positive and is represented by a plus sign: rotation 
in the opposite direction fs indicated by the minus sign. 

All specimens failed either torsionally or by local buck- 
ling, the two types of failure being indicated by the let- 
ters T and B. 

In table II are listed data that apply only to the 
specimens that failed by local buckling and to specimen 
30-3, in which the test load also produc-ed a permanent 
buckle in one flange. In this table are recorded the first 
load at which definite buckling of the flanges was noticed 
in the tests, the load carrfed by- the specimen immediately 
after buckling, M readings at the widest part of the buckle 
taken under that load and after removing the specimen from 
the testing apparatus, and the flange in which the buckle 
appeared. 

Copies of complete log sheets of the tests including 
the individual vernier, tensiometer, J and K dial, and M 
gage readings, and the tabulated computations of 8, y+, 
yes and A are on file at the Guggenhefm Aeronautic Lab- 
oratory at Stanford University. 

Supplementary Column Tests 

Pfith one or two of the longer specimens, after the 
reported test,was completed, the load was increased and 
the column carried practically as much load as fn the 
first run. After specimen 70-l had been subJected to tho 
regular test, the locking pins were inserted in the end 
fittfngs and the column was reloaded. For this suppls- 
mentary test, therefore, the ends were l'encastre but free 
to warp.!' In the supplementary test, the critical load 
was 4,500 pounds, which exceeded the critical for the 
standard test by 1,570 pounds. The maximum rotation in t&is 

m . test exceeded 40°. Tne same procedure IY~S carried out with 
specimen 40-l and a load of 6,700 pounds was developed in 
the supplementary test, an increase of 900 pounds over that 
developed in the original test. This tine the maximuman- 
gle of-twist was not measured, butit was quite large. 
When specimen 40-2 was treated in the same manner, the max- 
imum load developed was only 5,730 pounds, 70 pounds less 
than the specimen had carried in the original test and the 
accompanying rotatfon of about 14' indicated that the msxi- 
mum had been reached. 

, 

. 

Since specimens 40-l and 40-2 failed at practically 
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the same load in the standard test in the test of specimen 
40-3 the lockfng screws were allowid to remain in the end 
fittings. They were completely in -place while the load was 
being changed but, as each set of readings was taken, they 
were checked to see if they could be easily turned by hand. 
Little binding developed on these screws until a load of 
5,810 pounds was reached, indicsting that the end crnss 
sections had no apprecls%le tenccnzy tc rotate. ?Jp to this 
load of 5,810 pounds, the vernier readings sbrerl. that the 
specimen acted in almost exactly the same manner as syeci-. 
men8 40-l and 40-2. Beyond this load, however, the lock- 
ing screws came into action and helped restrain the member. 
As a result, the load continued to increase tc-6,700 pounds, 
when the test was stopped. The maximum load recorded-for 
this test in table I is 5,800 pounds because it appeared 
reasonable to belleve that, 
moved, 

if the locking pins had been re- 
that would have beep the,maximum load carried. 

Tension Tests of Material 

The properties of the material as determined from the 
tension test are summarized in the following table. The 
results from the individual test specimens are tabulated.. 
in the appendix. 

.- 

Results of Tension Tests of Material 

From this table, it is seen that the values of Young's 
modulus deviated from 9.2 percent above to 3.5 percent be- 
low the average. Yield point varied from 11.2 percent 
above to 5.O,,percent below the average. Ultimate tensile 
stress varied from 7.1 percent above to 6.3 percen... below 
the average. 

Torsion Tests . 

Three torsion tests mere made on a length of the com- 
plete'.channel section. In one of these tests, the supports 
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were on the centno1dal axis; in a second t%ef‘.tiere 2.50 
inches< and in the third they-were 3.'OCS inchea'below that 
axis. In all three test.9, the. rotation was O.OOOlO~radian 
per inch of length per inch pound of--torque. D.ef fning GJ. 
as TL/8 where T is the. tor.que-in inch pounds, L the 
length of the member, and 6 'the angle of twist, the tests 
indicated GJ to equal 10,000. 

Since the fillets at the re-entrant angles of the 
channel section are of very small radius, it was assumed 
th%t the shearing modulus of elasticity would be deter- 
mined from these t:ests on..the assumption that the t-ors2onal 
characteristics of the 'charm-el section would be identical 
with those of a flat section 6.00 inches wide and 0.100 
inch thick, and that Timoshenko's formula 64' on page 77 
of reference 10 would be applicable. This indicated that 
the shearing modulus 

G 3M I; a x 50 z-c-- x 15 
b c3Q 

= ------,--- = . 
6 x. 0.001 

in. 
x 0.075 5,000,OOO lb./aq. 

Substitutfon in equation 81 on paqe 90 of the same refer- 
ence reduced the computed value of G to 4,650,OOO pounds 
per square inch. 

These values for G appeared unreasonably large and 
a check test was made on a rectangular specimen averaging 
1.765 inches in width and 0.100 inch in thickness. This 
specimen twisted 0.091 radian in a length of 15 inches un- 
der a'torque of 16 inch-pqunds., Substitution iti equation 
64I of'refarence 30 gave -the value of G 'ati 4,.480,000. 
pounds per square inch. Substitution in equati.on 81 gave 
G = 4,450,OOO pounds.per square inch.- For purposes -of in- 
terpretlng.the column te'st resulta, t-he observed value of 
G was therefore assumsd'to be 4,500,OOO pounds _ner'square . 
inch. 

PRECISION OF RESULTS . 

The dial of the Bourdon gage used for measuring load 
in the column tests is graduated to 50 pounds, but the load 
could be estimated with reasonabl-e accdracy to the nearest 
10 pounds. In many of the earlier tests, it was found thank 
owing to temperature change the load would vary while a set 
of readings was being taken although the position of the 
moving head was not modified. The 3ourdon gage was rather 
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I sluggish in responding to this change and, although the 
load could be read to the nearest 10 pounds, it is consid- 
ered that the readings are reliable only to the nearest 20 
pounds. 

During the period that elapsed between running tests 
16-2 and 16d3, the hydraulic weighing system was calibrat- 
ed by a representative of the Pelton Water mheel Co., who 
used the 20,000-pound capacity Korehouse proving ring No. 
91 for the purpose. Thfs calibration showed the indicated 
loads to be correct within one-half of 1 percent, the indi- 
cated load being almost invariably less than the actual 
load. In the analysis of the test data no adjustments were 
mude to reflect the results of this calibration. The preci- 
sion of the recqrded figures for axial load is therefore 
within 29 pounds or one-half of 1 percent, whichever value 
is the greater. 

The vernier micrometers were read to the nearest Q.001 
inch. At first the observers had some trouble in checking 
their readings because it was difffcult for them to tell 
exactly ahen the vernier jaw just touched the antenna arm. 
The operation was practiced untfl the observers could con- 
sistently check themselves within 0.002 inch before the re- 
gorted tests were Started. AS the test program proceeded, 
the observers became more expert, and the precision of the 
vernier readings increased. By the time the tests were 
concluded, most of the readings were accurate to w&thin 
0.001 inch. This fact is shown by the results of the last 
hundred check readings taken under basic loads. Sixty-five 
of these check readings core identical with the original 
observatfons, thirty-one differed from the original obser- 
vations by 0.001, three by 0.002, and one by 0.003 inch. 

The great majority of the vernier readings were un- 
doubtedly correct to within 0,002 inch. Each rotation check 
was based on the aildition or subtraction of eight separate 
vernier readings. Ead all of these readings been 0.002 
inch in error in the unfavorable direction, the resulting 
value of A would have been 13.8 

If the precision of the vernier readings is taken as 
to.002 inch, that of the translational movements of the 
cross section, P+c Y,t and x may be assumed at the 
same ffgure. The resultin& percentage errors in these 
quantities, particularly x, would be very large Ghere 
these movements are small, the possible error often being 
larger than the movement being measured, This fact is con- 
sidered not to be serious since the primary objective of 
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the‘tksts wa$ to measnre $o'tatioris rathkb thkn'trknslktfone 
. and, whenever the translatiana~~ movements-were Qf app'reci- 

clable magnitude, the percentage errors'ih their observed 
values were reasonable in size. If the measurement of 
translational movements-had been a.major.objective of the 
tc3sts, other methods.xoa1.d have' beed'employed. _ 

Owing 'to .th.e length of the antennai..trunk.betaoon the 
reference points for t’he ,.A and B v'ern,ier; readings, the 
precision of the rotatf'on measurements. WAS, considerably 
better than that of.the translation measurements. Zven 
when A was equal to 10.0, which was seldom the case ex- 
cept when the rotation was relatively large, the possible 
error in the angle of rotation 0 was only 14.5/20000 = 
0.000725 radian or 21 29". Even this small amount was of- 
ten a considerable percentage of the rotation of the longer 
sgecimena under low loads or that of the shorter specimen6 
under loads considerably below the critical; but, whenever 
the rotation was appreciable, the percentage error in its 
measurement ma8 negligible. 

It is practically im't>ossible to determine the preci- 
sion of the observed locations of the twist axis from the 
?reCiSiOn of the vernier readings. The only valid fnfor- 
mation on this point can be obtained from inspection of the 
vector sheaves. In some of these sheaves, all the vectors 
apparently pas.6 ,through a ainglo point. In most casea, 
however, there,was no single point that could be taken as. 
a common intersectfon, but a reasonably good estimate of, 
the centsr of rotation could be made; particularly if one 
or two of the ve:&tors were disregarded. For some speci- 
,mens, an observe'd twist-axis locatfon is recorded althowh 
its precision is rather poor; whereas, for three of the 
s?e'cimens, the vectors showed no si.$ns of havin< a common 
intersectton. On the whole, the observed locations that 
fall close to the plotted curve of predicted values were 
obtained from the better intersections and they are consid- 
ered correct within about 0.10 inch. 

Practically all of the'bbserved values of Young's 
modulus, tensile yfeld gaitit, and ultimate tensfle strength 
are within 10 percent of the average values. Of these Quan- 
tities, only Young*6 modulus nffects the critical load fn, 
toreional instability or the position of the ax$.s..of tni_g.t, 
and the effect of a lo-percent error in. E on the.latter 
quantity is quite small.. ,. . 

_I.. -. . . . . . 
' . . 
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DISCUSSION OF IlESULTS 

The observed values of critical load and twist-axis 
location are of little practical value by themselves be- 
cause they apply to a single size of member dssted wTth - 

very artificial end COnditiOnS. The importance of these 
results lies in the degree to which they confirm the valid- - 
ity of the theoretical formulas for the section and the 
loading conditions employed.' NO attempt has been made to 
correlate the test results with any formulas for torsional 
failure except those of Lundquist given in the following 
section. 

Theoretical Formulas 

For the special case of a channel subjected to the 
test conditions the axis of rotation should lie in the 
plane of symmetry at the distance Q from the centroid of 
the CrOS6 section obtainable from the expression 

xa + 2 (1) 

where 

x= Q/h 

--- - 

E, YOUngr6 modulus. 

G, shearfnq modulus. 

I 

D=2 btb,l 
h- th 

F = - 
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a 

H 1 a = c- 
o ( 12 h. 6 

0 

a 
d lb tb 
x=% h th 

b, h, tb, and th are cross-sectional dfmensiona as 
shown in figure 11. 

I ,, length of specimen. 

Bar the 2 by 2 by 0.100 channel section used in the 
tests, equation (1) reduces to 

The critical stress at which torsional instability 
takes place is.given by eq.uati.on (2) 

where 

Kb = !!-f +FX+H 
(h/b) (B e D Xa) 

(2) 

For the section used in the te-sts the expressions for 
K and Kb become 

K 0.030 = ---- 
11 + 362 

63X2 frCb = - - 96X +.dt3 
99 + 324X" 

l I 

t 

I 

6 - 

- -.. 

- 
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Comparison of Computed and Observed Results 

The observed and the computed values of crftfcal load 
and distance Q are shown in table III. The values of 
P cr in column 2 are the maximum loads experimentally ob- 
tainsd. The computed values designated PI were obtained 
by substituting the standard handbook values, E=~0,~00,000 
and G = 3,800,OOO pounds per square i.nch,..in.equati_pns (1) 
and (2): They therefore represent the critical loads that -- 
would be predicted from the formulas in t-he normal process 
of desiqn. The critical loads Pc were obtained in the . 
same manner except that they are based on E = 10,200,OOO 
and G = 4,500,OOO pounds per square inch, values that were 
obtained from tests on the material used. In the computa-- 
tion of the critical loads P3, equa.ti0.n (1) was dfsre- 
garded, the observed values of Q listed in column.7 being. 
employed to calculate X for use in equation (2). The obh 
served values of E and G rather than the standard val- 
uos of those quantities were used in the computation of P3. 
The values of Q listed in columns 8 and 9 are those com- 
puted in calculating the critical loads P1 and Pa, re- 
spectively. . 

' In figure 9 the observed critical loads are plotted 
as ordinates with the lengths of the specimens as abscissas. 
Two curves of predicted load are also shown in that figure. 
The upper curve; labeled P,, is the Euler column curve 
for the section tested and indicates the critical loads 
that would have been expected had the columns failed due to 
elastic instability in bending without torsion. The lower 
curve represents the theoretical loads Pz computed as de- 
scribed. Had a similar curve been drawn to represent the 
theoretical loads P, based on the standard material prop- 
erties, it would have been a little below the curve of Pa. 
In some respects the theoretical loads P3 based on the 
observed values of Q are the most significant for deter- 
mining the validity of the formulas from the test results. 
It would be difficult, however, to dram a satisfactory 
curve of P3 since each computed value applies to a spe- 
cific'test and not to all three specimens of a group. Com- 
parisons of the observed critical loads and P, must be 
made from the tabulated values rather than from graphic 
charts. 

In figure 9 different symbols are used to distin&ucsh 
the specimens that failed torsionally from those that failed 
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by local buckling. It will be noted that all specimens 30 
inches o'r more,in length failed torsionally, while those 
24 inches or less in length failed by local buckling. In- 
spection of table III and figure 9 shows that all of the 
specimen.s that fail.ed.torsionally except 90-l and 90-3 

.did so under loads exceeding those predicted on the basis 
of the observed properties of the-material used. The dis- 
crepancy in the case of specimen 99-l was only 12 pounds, 
or about one-half of 1 percent. The critical load.for this 
member was appreciably greater than that predicted on the 
basis of standard material properties. The critical load 
of specimen 90-3 was greater than the value predicted on 

the basis of standard material properties but was about 
4.4 percent below that,predicted on the basis of observed 
material properties. The other specimens failed at loads 
exceeding the v'alues predicted on the basis of observed 
material properties by from 1.7 to 13.7 percent. Tho ex- 
cess with respect to the loads predicted on the basis of 
standard material properties was somewhat greater in ev- 
ery case. 

Although the three 24-inch and two of the 22-inch 
specfmens carried more than the predicted loads based on 
observed material groperties, they exhibited littl% rota& 
tion and their failures were definitely of the local buck- 
ling ty>e. Two of the 24-inch specimens developed the 
highest ratios of observed load to predicted load obtained 
in the series of tests. In.general, the shorter tho spec- 
imen the higher this ratio was found to be, except for t.he 
shortent lengths for which the aredicted criti.Cal loads 
for torsional failure were well-in.excess of the loads 
necessary to produce local buckling. 

The specim-ens ah the three shortest groups all failed 
at loads well below the critical loads for twisting failure. 
This result was partfcularly true of the 16-inch and the 

* lo-inch specim-ens for nhich.the.critical loads in torsion 
were obviously in excess of the loads thatnould cause lo- 
cal buckling. 

Figure 10 shows the .observed values of Q and a curve 
showing the computed values of that quantity based on the 
observed properties of th-a material used. It will be no- 
ticed that, except in the case of specimen 90-1, the ob- 
served values of Q exceed the computed values for all 
specimens that failed torsionally. If 0.15 inch were add- 
ed to each of these computed values of Q, they would 
check the observed values with remarkable closeness, the 
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agreement being within the precision of the observed val- 
ues. The normal differonce of about 0.15 inch between the 
computed and the obsorvod values of Q is 7.5 percent of 
the width of side or back of the specimen. 

If, instead of the computed values Ql and Qp, the 
observed values of Q are used, as was done in computing 
P 3 ' the agreement between the predicted and the observed 
values of critical load is soneahat improved for all spec- 
imens that failed torsionally except those of the go-inch 
group. The inprovemont Is, however, small because the re- 
sults of applying equation (2) are little affoctod by an 
increase of about 10 percent in the value of Q or X. 

The.discrepancies between the observed-and the -corn- 
puted values of Q for the specimens that failed by locd 

buckling are, in several cases, much greater than those-‘ 
for the specimens that failed torsionally. This result is ..-- - 
hardly'surprising since twisting was not the primary form' 
of deformation of these specimens andt'he observed angles 
of twist were so small that the twist-axis locations were 
not at all well defined. In fact, the surprising fact is 
that the observed locations of the.tmist axes came as close 
as they did to the theoretical ones; inspection of table I 
and figure 10 shows that the better the location of the 
twist axis was defin.ed, the more closely it agreed with 
its theoretical position. 

- 
In the foregoing comparisons of predicted and observed 

critical loads, the predicted loads have been obtained from 
the formulas for torsional-instability failure. It is of 
interest to compare the observed critical loads with those 
that would be predicted by the familiar Euler formula. 
From figure 9 it can be seen that, for the columns investi- 
gated, the Euler formula indicates critical loads 80 far 
above the loads which caused torsional instability as to 
be entir.ely inapplicable. On the o_ther hand, the discrep- 
ancies between the observed critical loads and the formulas 
for torsional instability are of such minor magnitude that, 
in general, these formulas are obviously applicable and are 
definitely pertinent to the design of structural members 
of the type under consideration, at least for intermediate 
lengths. As the length of the specimen increases, the r&i 
tio of the observed critical load to the Euler loa'hfzi- 
creases and, for lengths considerably in excess of 96 inches, 
the failure would probably be by, bending with the' critical 
load indicated more accurately by the Euler than.by the tor- 
sional-instability formula. 
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Factors Affecting Validity of Predicted Results 

When the normal amount of scattering of the plotted 
points representing the results of a series of column tests 
is considered, the results of the tests under discussion 
are gratifyingly convergent. It is true that the observed 
critical loads are rather consistently in excess of those 
predicted from the formulas and this result may be due ei- 
ther to some minor errors in the derivation of the formu- 
las, the use of incorrect values for the material proper- 
ties, minor differences between the boundary conditions 
assumed in deriving the formulas and those actually pro- 
vided in the test, or a combination of these factors. The 
differences between the observed and the computed critical 
loads are, however, small.enouqh that the tests may be con- 
sidered to have proved the general validity of the formu- 
las they were intended to check and to encourage designere 
to use them, and the other formulas based on the same gen- 
eral theory, with considerable confidence. 

One possible important .source-:-of the -discrepancies b-e- 
tween the observed and the Predicted critical loads was 
the use of incorrect values for the elastic properties of 
the material. Although the 'lobserved" values of E and 
G used in the computations wer-e obtained from tests of 
coupons cut from the column test specimens, some question 
exists regarding their validity. The value of YoungIs mod- 
ulus E was obtained from tension tests, whereas it would 
have been better to have used compression tests inasmuch 
as a difference between the moduli for tension and compres- 
sion has been found. This difference, however, is not very 
great and, if E were assumed to be 10,660,OOO instead of 
10,200,000', the increase in predicted critical loads would 
be not.mors than about 3-l/2 percent at most. 

The possible error in the observed value of the shear- 
ing modulus G is greater than that in Young's modulus E; 
it may be noted that the observed value of 4,500,OOO is 
18.4 percent in excess of the standard value of 3,800,OOO. 
Both of these values, however,' are open to suspicion 0wIng 
to the lack of development ofthe technique of testing to 
determine the shearing modulus. In the aast, the custom- 
ary method of dstermining G has been by measuring the 
angle of twist of a round rod or tube. Little or no at- 
tention has been paid to the problem of-obtaining this 
quantity from a rectangular section. In the present se- 
ries of tests, however, the shearing modulus had to be ob- 
tained from flat sheets because it would have been imprac- 
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ticable to have satisfactorily machined round rods from 
the original channels. Although the tests to determine 
G mere made mith care, there is reason to doubt the com- 
plete appropriateness of the formulas used to obtain that 
quantity from the test data and the value 4,5OO,OOO may 
Tell be too high. Wile the use of a lower value of G 
would reduce the computed critical loads, comparison of the 
values of P1. and Ps in table III mill show that the re- 
duction in computed critical load would be much less pro- 
portionately than the -reduction in G. 

It would be interesting, if possible, to make a more 
thorough study cf the elastic properties of the material 
actually used in the tests to determine more reliable val- 
ues of both E and 0, particularly for G, but such a 
procedure is hardly necessary to demonstrate the essential 
validity of the formulas for torsional instability. On 
the whole, the differences between the predicted and ob- 
served critical loads can be adequately explained as the . 
result of unavoidable differences between the assumed and 
the actual end conditions. 

At lesst two such differences existed that would prob- 
ably act to increase the.experimentally determined criti- 
cal loads. Most obqious, perhaps, is the existence of 
friction between the knife'edges and their bearings. This 
friction introduced a certain amount of restraint which 
was not allowed for in. computing the' critical loads but 
which would tend to increase those loads in the same man- 
ner that friction in the end fittings tends to increas.0 
the critical load of a'long slender column that fails by 
bending. A little.light is thro'wn on this. phase -oI the 
prob,lem by the results of the tests in which a specimen 
was loaded while the locking pins remained in place. In 
most of these tests, the maximum load carried was consid- 
erably increased; but the presence of the locking ,pins 
appeared to make little if any difference'in the load at 
which torsion became easily visible, their influence seem- 
ing to be mainly exerted after the specimen had begun to - . . . 
twist considerably. 

Another deviation of the actual from the-assumed 
boundary conditions is that the e'nd fittings were designed 
to function 'in a theoretically perfect manner if the back 
and flanges of the specimen could ,be considered to ,have 
negligible thickness. Thus, the ena' cross .sXctiOns were 
free to w&rp.if it could be thought of as a geometric line. 
Actually it has finite thickness, the effect of which is 
to introduce 'a slight restraint. 
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. . 

Anq,ther deviation of the actual boundary conditions 
fr,om ,th,ose assum.ed in tho theory; but one more likely to 
cause ;a decrease than an increaie in the critical load, 
was that the resultant load was ap'plied at a small dis- 
tance from the centroidal axis. The presence of such an 
eccentricit,y of loading is revealed by the twisting and 
the deflection parallel to the plane of symmetry that took 
place before the critical load was reached. Had the de- 
termination of the critical loads been the only major ob- 
jective of the tests, attempts would have been mads to 
eliminate the eccentricity of loading by more careful cen- 
tering of the specimens in the test apparatus. In this 
investigation,, however, it was considered equally impor- 
tant to determine the location of the center of twist. 
In the test of specimen 90-2 the centering happsned to be 
nearly perfect and, as can be seen from figure 13, the ro- 
tations and the translational deflections of the antennas 
were hardly measurable until practically the entire crit- 
ical load had been reached. As a result, the degree of . 
precision obtained in reading the verniers represented 
relatively 'large percentage errors in the computed results 
and, although the data from this test show that the rota- 
tions and deflections were negligible, this test was one 

.in.mhiazh the twist axis c'ould not-be- located. The data 
from tests.90-1 an& 90-3 in which the centering was not SO 
,good provedacceptable for that purpose. It was therefore 
decided'not,to attempt to center the specimens mith.metic- 
ulous car&but to be satisfied with a centering that*would 

.result in measurable rotations throughout most of the load- 
ing range and yet not result in excessive translation. In 
other words, the cente&ing was considered satisfactory if 

'the torsianal.deformations were obviously of much greater 
importance than those due to bending. Owing to the care- 
ful constructi'on of the end fittings, this result was eas- 
ily obtained, The fa,ct that it was obtained is. shown by 
the' relatively small translations parallel to the plane of 
symmetry that sire li,st,ed in table I. -In this table it will 
be seen that up to 90 percent of, the'critical load none of 
the'specimens that failed torsionally deflect.ed, more than 
l/l500 of its length. . . 

An, inte.resting characteristic of the translational 
movements of the antennas was that 'thsy often changed in 
direction tqhen the rotations became large; This result 
yas Particularly evident IPhezi .the translational movement 
under lb? loads m-as array from the center of-twist, as it 

,was with nearly all. of the.longer.sPeaimens. The phenome- 
,ndn.was due to the fact that, as the dross section rotated . .' 

i . .- 
. 



N.A. .C.A, Technical Note No. 733 x3 

about a point behind the back of the channel, the centroid 
moved to the rear a distance equal to that between the 
centroid and the center of rotation multiplied by the 
versed sine of the angle of rotation. When the angle of 
rotation was small, this quantity was less than the trans- 
lational movement due to bending but, with a large angle 
of tmiet, the effect of the twisting overshadowed that of 
bending. 

While the rotations of the specimens indicated the 
presence of small eccentricities of loading, their direc- 
tions showed that they did not result from any constant 
tendency to place the resultant load on one side of the 
centroidal axis. Of the 33 specimen-s-bested, 15 twisted 
toward the right of an observer and 18 to the left. -In J-0 
of the 11 lengths tested, 2 of the specimens twisted in 
one direction and l'in the other. Only with the 40-inch 
specimens, was the,twist in the same direction in all 
three tests. 

It was recognized that the eccentricity of the load- 
ing may have caused measurable differences between the 
maximum loads actually carried and the loads that would 
have been carried had the centering beon perfect; all the 
tests were therefore analyzed by a modification of the pro- 
cedure described by Lundquist in referenc'e 9. This proced- -- 
ure was developed to determine the critical load of a col- 
umn subject to failure by bending from the translational- 
deflections observed under load. The chief modification 
was to use the observed rotations in radians in place of 
observed deflections in inches.. A minor modification was 
to plot the values of Ae as or.dinates and those of A0fAP 
as abscissas so that the slope of the straight line drawn 
through the plotted points, 
that slope, 

instead of the reciprocai of-- 
would represent the difference between the -- 

critical load and that at which A8 and AP were taken 1 
as zero. 

The critical loads obtained by this procedure are 
listed under the heading P, in table III and are found 
to exceed the observed maximum loads by from 1 to 6 per- 
cent for the specimens that failed torpionallg. The re- -. 
sults for the specimens that failed by local buckling- were 
not so consistent. The plotted points diverged more from 
straight lines and, in one case, the critical load obtained 
by this method was nearly 10 percent less than that. actu- 
ally carrfed. There is really no valid reason why the 
Procedure should indicate the critical load with ideal cen- 
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tering when the failure.is by local buckling. The fact 
that the loads obtained by it differed from the observed 
marina by not more than 15 percent in these cases is a 
defect rather than a merit because it makes it more diffi- 
cult to determine the true range of applicability of the 
mothod. 

The three specimens of each group being practically 
identical, in each group the values of P, are expected 
to be closer together than the observed values of Per 
that would beraffected hy the changes in the eccentricity 
of loading. Of'the six Qroups that failed torsionally, 
three show less 'spread between the values of P, than bo- 
tmeen those of Pc,; whereas, for the other three groups, 
the reverse is the case. In the five groups that failed 
by local buckling four showed less spread between the val- 
ues of Per than between those of Ps and the difference 
in the other group was only that between 1,550 and 1,519 
pounds. Incidentally these were the largest differences 
found in the critical load values for any group of three 
specimens. 

Local Buckling Failure 

With the shorter specimens. that failed by local buck- 
lfng, the amount of twist was negligible until failure. 
took place and th-e m.ost valuable information to be obtained 
from the tests is that pertaining to the. buckling. In -the 
first test carried out (22-2), the buckling came as a 8ur- 
vi se, .no such action Slaving been noted prior to the fail- 
ure. This test was followed by those of th'e longer spec- 
fmens and, when the shorter specimens were again reached, 
the deformations were being moro csrafully watched and 
the growth, of the buckles was noted before failure in ev- 
ery case. 

In table IV the difference between the load at which 
the buckles were first definitely noticed and the criti- 
cal load is recorded. The specific values range from 
1,080 to 8,890 pounds. Although the lower of these values 
applies to one of,the 300inch and the higher.to one of. the 
lo-inch specimens, no clearly defined rel.ation indicates 
when the presence of buckles is to be expected. Thia fea- 
ture is not very surprising because it is.difficult to de- 
vise a criterion for the beginning of the development of a 
buckle; the load at whioh the buckle mould first become 
visible would depend largely on the imperfections of t,he 
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specimen. As is stated in the appendix, the original 
specimens showed considerable variations in the distance 
across the free edges of the flanges and this variation 
would have an important influence on the nature of the 
buckling phenomena. 

One of the assumptions underlying Lundquist's formulas 
for torsional failure is that the.shape of the cross sec- 
tion remains unchanged. The M readings were taken to de- 
termine the degree of validity of this assumption. With 
the specimens that failed torsionally, the assumption ap- 
peared justified as there was very little change in the M 
readings, at least until the twisting became excessive. 
Usually the M readings under the basic load differed by 
a few thousandths of an inch from those taken under zero 
load, but from then on the change was~negligible. The in- 
significance of these changes can be seen from the values 
in table I, in which the maximum change in the set of M 
readings that showed the greatest variation is recorded for 
each test. 

With the shorter specimens, however, the M readings 
taken near the crest, or trough of one of the waves of local 
buckling exhibited relatively large changes and reflected 
the growth of the buckles. It would have been desirable 
to have taken M readings at all such points, but the posi- 
tions of the waves could not be predicted in advance, and 
interference with the antennas and tensiometers made it im- 
practicable to take readings at the desired points after 
the waves had begun to develop. In a few tests, however, 
notably those of the lo-inch series, the M readings hap- 
pened to be taken where they showed the growth of the.buck- 
ling wave very well. The variation of these values in 
tests 10-l and 10-2 are shown in figure 21. 

When the shorter members failed by local buckling, the 
resistance to shortening suddenly dropped to about half the 
critical load. This ratio of load developed after buck- 
ling to critical load varied from 40 percent in test 24-2 . 
to 59 percent in test 20-2. 

When the buckling failure took place, the distance 
across the free edges of the flanges at the deepest part - of the buckle was measured and was found to vary from 
2-35/64 to 2-49/64, the values for the individual tests 
being listed in table II. After the column had been re- 
moved from the testing machine, this distance was again 
measured with the results listed in table II. These show 
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that the depth of .the bulge decreased by from 8/64 to'18/64 
inch but-, in most af the tests, 
12/64 and 16/64 inch. 

the reduction was botweon 

One phase of the investigation was a rough determina- 
tion of the permanent set resulting from the tests. With 
those of the longer sp.ecimens that failed torsionally and 
were not subjected to large angles of twist, the permanent 
set was wfth difficulty, if at all, visible to the naked 
eye. The longer specimens that were subjected to consid- 
erable twist could be seen to have been permanently do- 
formed by sighting along one flange after the test had 
been completed. In every case, however, the verniar read- 
ings taken at agproximately'the basic load after the crit- 
fCRl load had been reached indicated that some permanent 
set had taken Dlace. Specimen 3'3-3 devolpped a large per- 
manent buckle when it was subjected to a large -amount of 
twist under the maximum load, and all the shorter specimens 
that failed by local buckling showed considarable permanent. 
set after the load had been removed. The amount and char- 
acter of thfs permanent set is shown in fAgure 19, nhfch 
is a photograph of..the shorter specimens taken at the con- 
clusion of the tests. 

CONCLUSIONS 

1. The tests tend to validate the theoretical formu- 
las developed by Lundqufst to cover torsional failure of 
columns. 

2. The discrepancfes be.tm-een the results observed in 
the tests and those computed from the formulas are not too 
large to be accounted for by small ajla mogtly unavoidable 
differences betwoon the conditions of the tests and those 
assumed in developing the formulas. 

3. Designers may use with confidence formulas for tor- 
sional failure developed by the procedure employed by 
Lundquist provided that formulas based on suitable boundary 
conditions are selected, 

4. The importance of torsional failures of open sec- 
tions is shown by the fact that the critical loads Of-.i'bO 
specimens that failed torsionally were far below those in- 
dicated by, the usual column formulas.. 

Daniel Guggenheim.Aeronautical Laboratory, 
Stanford University, June 1939. 
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APPENZIX 

PROPFRTIES OF THE SPECIMENS 

Dimensions 

37 

The specimens were cut from six 20-foot lengths of 
24ST aluminum-alloy extruded channels specially designed 
for the tests. The nominal "midline" dimensions of the 
cross section were: width of back, 2.00 inches; width of 
flange, 2.00 inches; thickness of back and flanges, 0.100 
inch. In order to determine the deviations of the actual 
specimens from nominal dimensions, measurements with mi- 
crometer calipers reading to Q.001 inch mere made at cross 
sections spaded about 6 inches apart, at least three se;: 
tions bein< checked on each specimen. The locations of 
these measurements are shown in figure 22. All of the -- 
measurements shown on that figure except E were taken at 
each section. Measurement 1 was taken only at the sec- 
tions near the ends of the specimens, as very little varia- 
tion was found in that quantity. The results of these- meas- 
urements are shown in table V, in which are listed the nom- 
inal, median, minimum, and maximum values found. 

From table Y it mill be seen that the thickness of the 
material varied from 0.997 to 0.105 inch. Much of this 
variation was due to the size of the hole in the die. The 
thickness at any one measuring point did not vary more than 
0.004 inch, while the median values varied from 0.098--%0- 
0.102 inch. These measurements showed that the flanges 
were thickest near the free edges. From the edges, the 
thickness decreased for about a third of the distance to .- 
the back, at which point it began to increase again. The 
resulting shape of the section of the flange, greatly ex- 
aggerated, is shown in figure 23. - 

The over-all dimensions of the sections exhibited more 
variation than the thickness of the material. The over-all 
widths of flange and back had variations of 0.014 inch. 
The largest variation was in the over-all width across the 
free edges of the flanges, which amounted to 0.080 inch. 
This variation was not at all regular and in the individual 
specimens ranged from 0.007 to 0.052 inch. This condition 
indicated a certain amount of waviness in the shape of 
free edges of the flanges, which introduced a deviation 

the 

from ideal conditions that could not be avoided. Table m 
is a list of the specimens showing the maximum spread be- 
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tween the F and G readings of each, The plus ~nlues 
are those in whZch F exceeds G and the minus values 
those in which G exceeds F. The letters preceding the 
specimen numbers indicate the original channels from which 
the individual specimens were cut. The two-digit number 
represents the length of the specimen to the nearest inch 
and the last number, the serial number of the specimen in 
the given length. 

Geometric Properties 

Since the waviness of the flanges would have made any 
attempt to obtain separate values of the geometric proper- 
ties of the cross section for each specimen of doubtful 
value and the median values of the various measurements 
differed so little from the nominal values, it was decided 
to use the geometric properties of the nominal cross sec- 
tion in all computations.- The amount of error that could 
result from this practice is indicated by the values of 
table V, in which are listed the area, the moments of in- , 
ertia, the radii of gyration, and the distance from the 
centroid to the center of.,the back for the nominal and 
what are terme3 the I~Median,~~ t~Small,l~ and "Large" sections. 
In the computation of these quantities the cross section 
was assumed to be made up of three rectangles, one back 
and two-flanges. For all four sections the back was as- 
sumed to have the width G and the thickness 3, using 

' the nominal, median, minimum,- or maximum value of-the quan- 
tity depending on the section in question. For all four 
sections the width of flange was taken as (H f I)/2 - LE. 
The thickness of the flanges was taken as (A + B + C + D1f4 
for the nominal and median sections, as (B + Cl/2 for . 
the small section, and as (A +-D)/2 for the large sec- 
tion. The distance from the axis of symmetry to the mid- 
line of a flange was taken .au (F + G)j4 -(A TPB++GC + D)/S 
for the nominal and thsnedian sections, as -A- 
D)/4 for the small section and as (F + G - B - C)/4 for 
the large section. Sinc.e neither the median, the largest, 
nor the smallest values of all the various measurements 
were ever found at the same section, the computed.vaJues. 
do not repr-esent conditions at any specific section and 
certainly do not represent-average oanditfons for any en- 
tire specimen. The median section values are good averages 
but actually ,no better than the nominal ones. The values 
for the small and the iarge sections indicate the extremes 
of variation possible but they deviate from the nominal 
more t-han the actual values at any one section possibly 
could. 
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Quality of Material 

The quality of the material was determined from ten- 
sion tests of coupons cut from apparently uninjured por- 
tions of the specimens after the column tests. These tests 
were made in accordance with A.S.T.M. Specification E 8-36 
except that the elongation in 2 inches instead of the elon- 
gation In 8 inches Tpas measured. Three coupons were ob- 
tained from each of the six original channels. The value 
of Young Is modulus, tension yieid point, ultimate tpnsile 
strength, and percentage. elongation in 2 inches are listed 
in table VII. In a number of the tests, the last-mentioned 
quantity 'could'not be measured as the specimen broke too 
close to the end of the gage length. 

Since the tests were made on material that had already 
been subjected to column tests, it might be thought that 
the resultis were affected by nork.hardening. Inasmuch as 
the axial stresses imposed in the column tests were roughly- -- 
inversely proportional to the lengths of the columns, any '. 
effect of work hardening would be expected to be a funct-ion 
of the length of the specimen from which the tension test 
coupon was cut. Study of the results of table III mill 
shorn that no systematic variation of this character is ob- 
servable. It is therefore believed that the results of 
the tension tests were unaffected by work hardening. 
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--- ----- 

Spec- Maximux Twist-ax 
imen load Distance 

--- 
.90-1 
90-2 
90-3 
70-l 
70-2 
70-3 
60-l 
60-2 
SO-3 
50-l 
50-2 
50-3 
40-l 
40-2 
40-3 
30-l 
30-2 
303 
24-l 
24-2 
24-3 
22-l 
22-2 
22-3 
20-l 
20-2 
20-3 
16-l 
16-2 
163 
10-l 
10-2 
10-3 

(lb.1 ---___ 
2,250 
2,360 
2,160 
2,930 
2,880 
2,960 
3,420 
3,430 
3,380 
4,240 
4,380 
4,300 
5,750 
5,800 
5,806 
8,550 
8,730 
8,350 

l2,480 
12,450 
11,550 
12,120 
12,750 
12,750 
12,850 
13,500 
13,050 
13,900 
l2,890 
12,350 
14,930 
15,000 
15,130 

(in.1 .I_-- 
2.30 

2.75 
2.30 
2.35 
2.30 
2.20 
2.10 
2.15 
2.00 
2.05 
2.00 
2.00 
2.00 
2.00 
1.90 
1.90 
1.90 
1.70 
2.40 
1.90 
1.90 
2.10 
1.75 
1.75 
1.65 
1.70 
2.60 

1.50. 
.60 

1.25 

I I \ ----, 

TABLE I 

Column Test Results 

fair I 
worthless 
very good 
go0.d 
very good 
fair I 
good 

do. 
very good 
excellent 
very good 

do. 
do. 

good 
do. 

excellent 
do. 

very good 
fair 
poor 
fair 
good 
poor 
very good 

do. 
fair 

do. 
do. 

worthless 
good 
fair 
good 
worthless 

--- 
Deflection 
parallel 

to plane of 
symmetry 

(in.1 --- 
0.023 
-.005 
-.045 

.036 
-.022 

.025 

.037 

.023 

.014 
-.003 

.014 

.007 

.022 
,026 
.OlO 
.016 
,018 
.Oll 
.ol.2 

-.OlO 
.004 
.002 
.OO6 

-.003 
-.005 

.002 
-.006 
-.003 
-.007 
-.017 
-.005 
-.004 
-.009 

---- 

---- 
&3ximum 
change 
in M 

readinge 
(inA ---. 
0.008 

.006 

.016 

.008 
l 007 
.006 
.009 
.OlO 
.006 
.006 
.005 
.006 
.009 
.005 
.016 
.029 
.094 
.183 
.086 
.027 
.026 
,066 
.095 
.087 
.063 
.039 
.097 
.085 
.llO 
.06'7 
.l25 
.120 
.109 

--- 

---- 

Pype of 
failure 

(b) ---- 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

-. 
("'The + sign indicates that the.near end of the antenna 

appeared to move to the right of an observer; the - 

(b) 
sign indicates motion in the opposite direction. 

Torsion, T!; buckling, B. 



--- 

Spec- 
imen 

-- 
30-3 

24-1 

24-2 

24-3 

22-1 

22-2 

22-3 

20-l 

20-2 

20-3 

16-l 

16-2 

16-3 

10-l 

10-2 

10-3 
--- 
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TABLE II 

Test Results on Short Columns 

Load car- 
ried after 
buckling 

(lb.) -----_- 

Id reading a' buckle -a-- 
under maximum 

---- 
after 

shortening unloading 

(in. 1 (in.) I------ ---- 

6,150 2-43/64 

7,470 2-44/64 

5,970 2-42164 

5,730 2-44164 

5,570 

6,100 

5,510 

5,670 

5,930 

6,850 

7,100 

7,510 

7,700 

7,300 

2-45/64 

2-44/64 

2-49/64 

2-47164 

2-48164 

2-37164 

2-35164 

2--44/64 

2-47164 

2-46164 
*--- 

-I- 

2-28/64 

2-26164 

2-28164 

2-28/64 

2-29/64 

2-30/64 

2-31/64 

2.34/64 

2-34/64 

2-35164 

2-29/64 

2-23/64 

2-31/64 

2-34/64 

2-34/64 
-- 

--I- 

Load when 
buckling 
first 
noticed 

(lb.) ---- 

11,420 

7,990 

9,730 

10,520 

11,050 

7,000 

10,000 

9,000 

10,100 

9,000 

11,000 

10,080 

6,110 

'8,000 
-- 

Flange 
that 

buckled 

left 

right 

left 

do. 

right 

left 

right 

left 

right 

do. 

left 

right 

do. 

left 

do. 

right 



1 

Spec- 
imen 

90-1 
90-2 
90-3 
70-l 
70-2 
70-3 
60-l 
a-2 
60-3 
50-l 
m-2 
50-3 
40-l 
40-2 
40-3 
30-l 
30-2 
303 
24-1 
24-2 
24-3 
22-l 
22-2 
22-3 
20-l 
20-2 
20-3 
16-l 
16-2 
16-3 
IO-1 
10-2 
lo-3 

Critical Loads and Twist-Axis Locations 

r I-- 2 
- 

t 
1 f 

8 9 
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TABLE III 

43 

Observe6 
P 

ht.: 

2,250 
2,366 
2,160 
2,940 
2,900 
2,960 
3,420 
3,430 
3,380 
4,240 
4,360 
4,300 
5,790 
5,800 
5,800 
8,550 
8,730 
8,350 

12,480 
12,450 
11,550 
12,120 
12,750 
12,750 
12,E?50 
13,500 
13,050 
13,900 
12,890 
12,350 
14,930 
15,000 
15,130 

pi 
(lb.1 

2,075 

p2 

(lb.1 

2,262 

2,620 2,e52 

3,060 3,307 

3,730 3,996 

4,905 5,190 

7,420 7,682 

10,605 10,843 

12,275 12,503 

14,485 L4,690 

31,615 

52,500 

31,757 

52,343 

critical loads I Observed 
p3 PS 

(lb.) (lb.) 

2,282 2,320 
2,420' 

2,313 2,300 
2,870 3,060 
2,885 3,100 
2,870 3,045 
3,348 3,540 
3,313 3,620 
3,326 3,445 
4,007 4,370 
4,031 4,450 
4,007 4,325 
5,293 5,820 
5,293 5,940 
5,293 5,860 
7,800 9,080 
7,800 9,020 
7,800 8,890 

10,900 13,200 
15,026 11,330 
11,141 11,840 
12,900 14,190 
14,348 13,020 
12,500 13,290 
14,688 14,000 
14,906 15,240 
14,735 13,760 
37,141 14,250 

12,780 
24,125 12,740 
L7O,E!42 15,220 
81,518 15,840 

15,360 

Q 
(in.) 

2.30 

2.75 
2.30 
2.35 
2.30 
2.20 
2.10 
2.15 
2.00 
2.05 
2.00 
2.00 
2.00 
2.00 
1.90 
1.90 
1.90 
1.70 
2.40 
1.90 
1.90 
2.10 
1.75 
1.75 
1.65 
1.70 
2.60 

1.50 
,50 

1.25 

ComDuted Values 
& 

Ql 

t- 
(in.) 

2.360 

Q2 
(in.) 

2.457 

2.090 2.169 

1.984 2.041 

1.898 1.935 

1.828 1.851 

1.774 1.787 

1,750 1.756 

1.742 

1.736 

1.726 

1.714 

1.749 

1.742 

1.729 

1.715 



----- 

Specimen 

-m-m--- 
24-1 

24-2 

24-3 

22-1 

22-2 

22-73 

20-l 

20-2 

20-3 

16-l 

16-2 

16-3 

10-l 

10-2 

10-3 
-e--- 
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TABLE IV 

---- I--. 

Load drop 

(lb. > 
-------- 

6,330 

4,980 

5,580 

6,390 

7,180 

6,750 

7,990 

7,380 

7,970 

6,040 

5,250 

7,420 

7,300 

7,830 

-- 

(percent) 

50.8 1,080 

40.0 4,460 

48.3 1,820 

52.6 1,600 

56.4 

52.5 

59.2 

56.6 

57.4 

47.0 

42.5 

49.7 

48.7 

51.7 
- 

1,700 

5,850 ' 

3,500 

4;050 

3,800 

3,890 

1,350 

4,850 

8,890 

7,050 

T Buckles noted 

pounds below 
P CT 

percent 
P cr -----mm 

91.3 

64,l 

84.2 

86.8 

86.8 

54.5 

74.1 

69.0 

72.4 

69.9 

89.0 

67.5 

40.8 

53.4 
--- 



-- ---- --- 

Iten Nominal Median 

-T 

B 

C 

D 

E 

F 

G 

H 

I 

0.100 

.lOO 

.lOO 

.lOO 

.lOO 

2.100 

2.100 

2.050 

2;050 

3.102 

. 099 

.098 

,101 

.lOl 

2.110 

2.104 

2.049 

2.048 

.6020 

.2675 

.4709 

.663 

.667 

N.A.C.A. Technical Note No. 733 

TABLE V 

Comparative Measured and Calculated Values for 

Nominal, h 

area .6000 I 

I YY 
I xx 

a 

pYY 

pxx 
IP 

.2672 

.4675 

,666 

.667 

. 883 

. 7347 

. 879 

.7384 
-- 

ledian, SmaLl, and Large Sections 
(See fig. 22) 

Percentage 
variation Small 

from section 
nominal 

2.0 

-1.0 

-2.0 

1,o 

1.0 

.48 

.19 

-.05 

-.lO 

. 33 

.ll 

. 73 

-.a5 

0 

-.45 

.50 

0.101 

.097 

.097 

.lOO 

.099 

2.067 

2.098 

2.042 

2.041 

.5845 

..2582 

.4465 

.658 

.665 

. 839 

.7047 
-----+----- 

Percentage 
variation 

from 
nominal 

1.0 

-3.0 

-3.0 

0 

1.0 

-1.57 

-.lO 

-.39 

-.44 

-2.58 

-3.37 

-4.50 

-1.20 

-.30 

-4.99 

-4.09 
--- 

Large 
section 

0.105 

,101 

.098 

.103 

.103 

2.147 

2.112 

2.054 

2.055 

.6234 

.2785 

.4994 

.669 

.668 

.895 

.7779 
-- 

45 

- 

Percentage 
variation 

from 
nominal 

5.0 

1.0 

-2.0 

3.0 

3.0 

2.24 

‘57 

.20 

.24 

3.90 

4.23 

6.83 

.a5 

.15 

1.36 

5.88 
---- 
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-m-e--- 
A 20-l 
B 16-3 
D 60-l 
F 10-2 
E 22-l 
C 24-2 
D 60-2 
C 60-3 
E 24-l 
F 20-2 
B 70-l 
C 24-2 
F 22-2 
E 50-l 
c 40-3 
F 30-2 
D 16-l 
F 30-l 
B 70-3 
C 40-2 
F 20-3 
E 50-2 
c 40-l 
F 30-3 
D 90-l 
A 22-l 
F 10-l 
F 10-3 
B 70-2 
F 16-2 
A 90-2 
A 90-3 
E-50-3 

-s---- 

--a--- 

Specimen 

. TABLE VI 

Variations between Measurements F and G 

(All quantities in thousandths of an inch) 
n--C_--, 

Mgx + 

.------ 

11 
-- 

6 
9 
1 

25 
9 

26 
5 
9 

18 
30 

4 
4 

w- 
24 
24 
17 
-- 
13 
21 
34 
20 
15 
36 

7 
21 
28 
18 
32 

7 
17 
39 

.-- 
Max - 

-- 
de 
44 

6 
4 

13 
-- 

9 

Ic; 
12 

4 
SW 
18 
19 
24 
4- 
-- 

9 
32 
14 

6 
-- 

9 
14 
-me 
23 
10 

5 
19 

5 
30 
21 
13 

Kin + 
--- 

4 
-I 
-- 

6 
-- 
10 
-- 

7 
-- 
-- 
-- 

8 
WL 
-- 
-- 

0 
0 

-m 
-- 
em 
em 

6 
ML 
-L 

6 
-- 
L- 
de 
-- 
-I 
-- 
-- 
-- 

--- 

Min - 

-4 

33 
-- 
mm 
-- 
-- 
-- 
-- 
-.a 
we 
-4 
-- 
-- 
SW 

1 
0 
0 

-- 
5 

-- 
-- 
"- 
-- 
-.m 
I- 
_- 
-- 
WI 
Ic- 
-- 
-- 
-- 
-- 

--- 

Spread 
---- 

7 
11 
12 
13 
14 
15 
18 
19 
20 
21 
22 
22 
22 
23 
23 
24 
24 
26 
27 
27 
27 
28 
29 
29 
30 
30 
31 
33 
37 
37 
37 
38 
52 

- 
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I Physical --m----w- 
Young '6 
modulus 

?roperties of Material ---me--- 

Specimen 

---A--,- 
A 90-2 
A 90-3 
A 90-3 
A 90-3 
B 70-l 
B 70-2 
B 70-3 
C 60-3 
C 60-3 
c 40-l 
C 40-2 
D 90-l 
D 60-2 
D 60-2a 
E 50-l 
E,50-3 
E 24-l 
F 30-l 
F 20-2 
F 20-3 
Average 
Maximum 
Minimum 
Deviations percent 

of mean 
em--- 

(fb./sq.ln.) 
-_I---, 

10,330,000 
9,840,OOO 

10,220,000 
a10,550,000 

9,900,000 
10,230,OOO 
10,010,000 
11,120,000 

a10,650,000 
11,070,000 
10,100,000 
10,350,000 
10,000,000 

9,870,OOO 
10,000,000 

9,660,900 
10,220,000 
10,530,000 
10,300,000 

9,840,OOO 
10,200,000 
11,120,000 

9,660,OOO 

Elongation 
in 

2 inches 
(percent) 

---- -- 
Tensile Ultimate 

yield tensile 

(ILri$:n.) 
------ 

48,000 66,700 15.0 
49,000 60,800 -- 
51,100 62,800 11.5 

-- d- I- 

46,000 61,806 14.5 
46,900 62,300 13.5 
48,000 60,700 -- 
48,700 63,100 WV 

I- -- -- 
47,800 60,400 
48,700 58,400 -- 
49,300 62,500 -- 
49,100 60,500 11.5 
49,300 63,500 -s. 
47,500 61,000 16.5 
48,800 60,500 -- 
47,500 60,600 15.5 
48,000 65,600 -- 
49 * 000 66,600 -- 
48,400 64,000 
48,400 62,300 14,o 
51,100 66,700 16.5 
46,000 58,400 11.5 

11.2 7.1 17.8 
-5.0 -6.3 -17.8 

9.2 
-5.3 

I- -- -- 

TABLE VII 

&Values obta' ined by National Bureau of Standards on samples 
supplied by the author after completion of present paper. 



Figs.1,2,3,4,5,6 

figure l.- oeneral srrmgement 
for column test8. 

Specimen 90-3 under maximum load. 

Figure 2r- End-fittiug assemblies. 

~guto 3.- Seddl@. 

Figure 4.9 Bearing blocka. 

Figure 6.- Calipers. 
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n n 

Figs. 7,9 

Figure 7.- oaliper 
posltioM 

for vemlar reacllnga. 

0 10 a0 .= 4a 50 6c 70 80 90 
Len@h, in. 

Figure B.- Orlflaal load* agsinrt length. 
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Figure 8 ,- Torsion-teat 
equipment. 

Figure 1q.a Specimen 90-3 
maximum load. 

under 



c I.A.O.A. Tsohnical 1ote IO. PSb Pigs. lo,ll,lS 

40 a0 
Len&h, In. 

Ngur. lO.- Loo&ion of trict axis @nrt leqth. 

a4 

. rad. dW* in. in. in. 
Defleotion,e YO J+ I 

rlgure 13.- Deformation our~ee for 90 inoh rpeai=am. Level III. 
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100 

60 

.s 20 

g 
0 

6 -20 

; 
i! -60 
8 
8 
&loo 
w-l n 

.-140 

-180 

-260 

Figure 12.- Vector sheaf. Test 30-1, level III, 



(8) R-oat vim (8) Rem view. 
?ig1~~9 Is.- specimen %I-1 tmbr %40-pomd had before tenmiometsrr nfm reamed. 



(a) Broat view (b) Rear view 
Figam 16.- specimen ‘XI-1 under 296pound load after removing teaeiometerr. 



(4 Front view (b) Side view 
Figure 17.- Specinm 70-l dter anloading. 



. . 

(a) Front view (8) Side vim 
Figure 18.. 2he S-inch specimen uuder critical load. 
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Figr.19,20 

Pigure 19.- Short specimen8 after testr. 

f 

Pigurs 20.- SFecirnen 10-3 at failure. 
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n 

t 

2.1 2.2 2.1 2.2 
M reading, in. 

Figure 21.- Variation of M reading with load, Tests 10-l and 10-2. 
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Figure 22.- Locations of check measurements 
of cross section. 

H 

L 

: 
Figure 23.- Section of flange s 

exagerated. . 
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